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The transverse and longitudinal transport coefficients for jets in a quark-gluon plasma, qˆ and eˆ,
are extracted from simulations of the VNI/BMS parton cascade model. We study their variation
under the strong coupling and the parton mass in the medium. We show that their ratio is sensitive
to the mass of the plasma constituents. Experimental measurements of both quantities could provide
new insights into the nature of the quark-gluon plasma as seen by hard probes.
PACS numbers: 25.75.-q, 25.75.Bh, 12.38.Mh
Keywords: Quark Gluon Plasma, Jets, Jet Quenching, Transport Coefficients
The determination of the transport coefficients of the
Quark-Gluon-Plasma (QGP) is a major goal of the LHC
and RHIC heavy ion programs. Experimental observa-
tions of the suppression of high pT hadrons at RHIC [1–3]
and the LHC [4, 5] along with the suppression and modi-
fication of jets have confirmed the predictions [6–8] of jet-
quenching at high momentum. Partons moving through
the QGP lose energy and gain momentum perpendicular
to their trajectory.
The details of the mechanisms which cause this sup-
pression remain poorly known, in spite of a great deal
of theoretical and experimental effort aimed at eluci-
dating them [9, 10]. The interaction of a hard probe
with the QGP medium is traditionally divided into elas-
tic scattering and medium induced radiation. Although
this separation may be artificial it is convenient to view
the two processes as being independent. The strength
of the probe’s interaction with the medium is quantified
in-terms of the transport coefficients qˆ and eˆ which rep-
resent the average transverse momentum gained and the
average energy lost by a hard probe passing through a
QGP medium. These can be schematically defined in
terms of the differential elastic scattering cross section
dσ/dt,
qˆ = 〈
∫
t
dσ
dt
dt〉, (1)
eˆ = 〈
∫
(Ef − Ei)dσ
dt
dt〉, (2)
where the angular brackets denote a medium average.
More formal definitions can be given in terms of gauge
field correlators in QCD [11–13].
In the limit of infinite probe momentum the quenching
process is likely to be well described by radiative proc-
cesses induced by collisions off static color charges. In
the opposite limit the dominant energy loss process is
likely to be from the recoil of the medium during elas-
tic scatterings. The majority of experimentally studied
jet quenching processes lie somewhere between these two
limits. Experimental measurements which could distin-
guish between elastic and radiative modifications to hard
probes would not only increase our understanding of the
jet quenching process, but also provide an insight into
the nature of the QGP medium as seen by hard probes.
The radiative process and the role of its transport coef-
ficient qˆ in jet quenching have been discussed extensively
[14–16]. The relative importance of elastic energy loss
is less well understood. From kinematic arguments it
is clear that the mass of the medium constituents along
with the mass of the hard probe will be key in determin-
ing how influential energy loss due to elastic processes
will be.
The sensitivity of eˆ to the medium mass has been previ-
ously discussed by Kolevatov and Wiedemann [17]. Here
we expand upon this work by comparing the scaling of
both transport coefficients under variation of the strong
coupling constant and the mass of the scattering centers
in a relativistic transport model (VNI/BMS) that de-
scribes a fully dynamical QCD. We show that the ratio
of qˆ to eˆ is sensitive to the mass of the constituents of
the medium.
The VNI/BMS parton cascade model [18–21] provides
access to the full jet/medium development at a fixed qˆ
and eˆ. We run the code in a static uniform-medium
mode. Here the medium is modeled as torus of a given
radius. Partons that are part of the medium and par-
tons that are part of the jet shower are treated in the
same manner, although their origin is tagged within the
code. In keeping with the infinite static model of the
medium we do not consider hadronization of the jet. We
note that hadronization is not necessary for the numeri-
cal “measurement” of qˆ and eˆ.
The parton cascade model (PCM) is a Monte-Carlo
implementation of the relativistic Boltzmann transport
of quarks and gluons
pµ
∂
∂xµ
Fk(x, p) =
∑
i
CiFk(x, p). (3)
The collision term Ci includes all possible 2→ 2 interac-
tions and final-state radiation 1→ n
CiFk(x, ~p) = (2pi)
4
2Si
∫ ∏
j
dΓj |Mi|2×
δ4 (Pin − Pout)D(Fk(x, ~p)), (4)
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2dΓj is the Lorentz invariant phase space for the process
j, D is the collision flux factor and Si is a process depen-
dent normalization factor. A geometric interpretation of
the total cross-section is used to select pairs of partons
for interaction. Between collisions, the partons propa-
gate along straight line trajectories. The QGP medium
is simulated as a box of thermal quarks and gluons gen-
erated at some fixed temperature. Periodic boundary
conditions are imposed on the box, whose size is selected
to be large enough that if a simulated jet wraps around
it will not interact with its own wake.
The medium partons are initialized with a thermal dis-
tribution of energies with masses given by the asymptotic
Hard Thermal Loop (HTL) [22, 23] result for partons in
a thermal plasma with zero chemical potential,
m2 = kg2T 2, k =
{
1
6Nc +
1
12Nf gluon
1
4CF quark
(5)
where Nf is the number of flavors present in the plasma,
Nc is the number of colors and Cf = (N
2
c − 1)/2Nc is
the Casimir invariant for the fundamental representation
of SU(Nc). To investigate the role of the mass of the
medium partons in the jet quenching process we intro-
duce an additional scaling constant µs such that
m2 = kµ2sg
2T 2. (6)
This scaling is applied equally to the mass of all the quark
flavors and the gluons making up the medium.
To study the transport coefficients we run the model
without radiative processes. We insert a light quark into
a box at T = 350 MeV and propagate it for a fixed
distance of L = 4 fm with a baseline strong coupling
αs = 0.3. We extract qˆ from VNI/BMS by computing
the average amount of transverse momentum broaden-
ing of the parton per unit length L over some number of
elastic collisions with the medium Ncoll
qˆ =
1
L
Ncoll∑
i=1
∆p2T,i. (7)
We extract the elastic scattering transport coefficient as
eˆ =
1
L
Ncoll∑
i=1
∆Ei, (8)
where ∆Ei is the energy change of the parton during the
ith collision.
The parton density in the box is computed for an ideal
gas of ultra-relativistic massive particles,
N
V
=
gTm2
2pi2
K2(
m
T
), (9)
where g = 2(N2c−1) = 16 for gluons, g = 2NcNf = 18 for
quarks and Kn(x) is the modified Bessel function of the
µs
N
V
quarks Nf = 3
gluon
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FIG. 1: (Color Online) The medium number density (9) as
a function of the medium constituent mass scale µs, for a
medium at T = 350 MeV with Nf = 3 and αs = 0.3. The
vertical line marks the values of the number density for no
scaling of the constituent masses (µs = 1).
second kind [24]. The medium density depends strongly
upon the mass scale µs as is shown in Fig. 1. We will scale
out the medium density from qˆ and eˆ when investigating
their dependence upon µs, and we note that the density
drops out of the ratio qˆ/eˆ.
In Fig. 2 we show the scaling of qˆ and eˆ with the strong
coupling αs as a function of the probe energy. Both
transport coefficients scale roughly quadratically with
αs as would be expected from the perturbative massless
medium results [15, 25, 26]
qˆ(T ) = 4piCRα
2
sN (T ) ln
(
q2max
m2D
+ 1
)
,
mD(T )
2 =
(
Nc
3
+
Nf
6
)
g2T 2,
N (T ) = ζ(3)
pi2
(
2Nc +
3
2
Nf
)
T 3,
q2max(E, T ) = ET. (10)
and
eˆ(T ) =
4piα2T 2
3
(
1 +
Nf
6
)
ln
(
ET
m2D
)
(11)
Here we have held the medium mass scale µs = 1 and
the ratio of qˆ to eˆ is approximately 4.
In Fig. 3 we hold the strong coupling fixed αs = 0.3
and vary the medium mass scale µs. Note that we have
scaled out the dependence upon the medium density in
these figures. As we increase the medium mass scale qˆ
increases. This arises purely from the kinematics of the
scattering. Scatterings off heavier medium constituents
favor transverse momentum transfer over recoil. The av-
erage energy loss decreases with µs, a light medium will
transfer energy from an incoming probe into recoil of the
constituents.
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FIG. 2: (Color Online) The scaling of the transport coeffi-
cients with strong coupling αs, for a medium at T = 350 MeV
and µs = 1.
Fig. 4 shows the distribution of elastic energy loss as a
function of the medium mass scale µs, here the influence
of varying µs can be observed. The lighter medium leads
to greater recoil and an enhanced tail in the ∆E/E dis-
tribution compared to the baseline, the heavier medium
leads to a suppression of the spectrum.
Fig. 5 shows the ratio of the transport coefficients as
a function of the probe energy. The ratio scales roughly
linearly with the medium mass µs. Heavy constituents
promote transverse momentum transfer and so radiative
processes, lighter constituents favor energy transfer in
elastic scattering. The dependence upon the medium
density cancels in the ratio of the transport coefficients,
thus the ratio is only sensitive to the mass of the medium
constituents. Experimental measurements of this ra-
tio would provide a direct measure of the mass of the
medium constituents as seen by hard probes. These mea-
surements could be carried out over a range of probe
virtualities, by comparing heavy and light quark jets at
the LHC with those at RHIC. An experimental determi-
nation of the ratio qˆ/eˆ would give vital insight into the
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FIG. 3: (Color Online) The scaling of the transport coeffi-
cients with the medium mass scale µs, here qˆ and eˆ have been
scaled by n(µs) = N/V (µs) as determined by (9).
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FIG. 4: (Color Online) The probability of total energy loss for
a quark with E = 100 GeV traveling through 4 fm of medium
at a T = 350 MeV and αs = 0.3 as a function of the medium
mass scaling parameter µs.
4quasi-particulate nature of the QGP.
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FIG. 5: (Color Online) The ratio of the transport coefficients
as a function the medium mass scale µs for T = 350 MeV and
αs = 0.3.
In summary, we have confirmed by an explicit numer-
ical simulation that the ratio of the jet transport coef-
ficients eˆ and qˆ is sensitive to the mass of the medium
constituents. Our result raises the possibility of deter-
mining the masses of quasiparticles as encountered by a
hard probe from experimental data. The validity of our
calculation is limited for high quasiparticle masses as we
use the same screened cross-sections for all mass scales.
Also, our model does not include quasiparticle breakup
or excitation, which are likely to contribute to inelastic
energy loss in the high mass region [27].
Experimental results could be obtained by constraining
the values of qˆ and eˆ through the systematic comparison
of jet-quenching codes to multiple sets of experimental
observables across a range of scales. E. g., jet broaden-
ing, determined through back-to-back (gamma-) hadron
correlations [28], could give direct measurements of qˆ.
Measurements of jet energy as a function of cone angle
for identified photon jets may provide measurements of
the amount of energy lost from the jet to the medium,
allowing for an estimate of eˆ. These measurements would
be an important step on the road towards precision mea-
surements of the transport properties of hard probes in
the QGP, just as measuring the shear viscosity to en-
tropy ratio [29] has provided a focus for the precision
measurement of bulk properties.
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